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We investigated the characteristics of torrefied yellow poplar (Liriodendron tulipifera ) depending on reac¬ 
tion time (30 min) and temperature (240-280 °C). The thermogravimetric, grindability and calorific value 
of torrefied biomass were analyzed. As the torrefaction temperature increased, the carbon content of torr¬ 
efied biomass increased from 49.50% to 54.42%, while the hydrogen and oxygen contents decreased from 
6.09% to 5.65% and 28.71% to 26.61%, respectively. The highest calorific value was 1233 kj/kg when tor- 
refaction was performed at 280 °C for 30 min. An overall increase in energy density and decrease in mass 
and energy yield was observed with the increase in torrefaction temperature. The analysis of thermal 
decomposition demonstrated that the hemicelluloses contained in torrefied biomass decreased with 
increasing torrefaction temperature, whereas cellulose and lignin were only slightly affected. The grinda¬ 
bility of torrefied biomass was significantly improved when torrefaction was performed at high temper¬ 
ature. Torrefaction of yellow poplar improved the chemical and physical fuel properties of the biomass. 

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved. 


1. Introduction 

The demand for biofuel pellets has increased due to conversion 
of fossil fuel-based heating systems (Nilsson et al., 2011; Stahl and 
Berghel, 2011); however, compared to coal, these lignocellulosic 
pellets have a relatively high moisture content, low energy density, 
a hydrophilic behavior and are difficult to store (Chen and Kuo, 
2011). Furthermore, lignocellulosic biomass pellet do not have 
consistent calorific values and ash contents because pellet can be 
produced from various resources. 

Torrefaction of lignocellulosic biomass has attracted interest 
because of its potential to overcome the disadvantages of current 
biofuel pellets (Chen and Kuo, 2011; Repellin et al., 2010). Torre¬ 
faction is a process where raw biomass is heated in an inert or 
nitrogen atmosphere at a temperature of 200-300 °C. This process 
produces a hydrophobic material due to the removal of hydroxyl 
groups during thermal treatment. Therefore, torrefied lignocellu¬ 
losic biomass is suitable for long distance transportation and long 
term storage. Additionally, torrefied products have a higher calo¬ 
rific value or energy density, a lower O/C ratio and moisture con¬ 
tent, and are easier to grind than untreated biomass. During 
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torrefaction of biomass, most of the volatile compounds are re¬ 
moved from the biomass as vapors, resulting in a higher energy 
density. Torrefaction temperature is usually within the range of 
250-300 °C for lignocellulosic biomass (Prins et al., 2006; Chen 
et al., 2011; Phanphanich and Mani, 2010). Chen et al. (2011) sug¬ 
gested that biomass torrefied for less than 1 h under light torrefac¬ 
tion (260 °C) was appropriate for producing fuels with desirable 
energy density. Therefore, the physical and chemical properties 
of yellow poplar (Liriodendron tulipifera) torrefied at 250-300 °C 
for 30 min were evaluated in the present study. 

Yellow poplar has been reported to acclimate well to barren 
soil or highlands. Its fast growth and high capacity for carbon 
absorption has led the Korea Forest Service to value this species 
as a major planting species and it has thus been planted exten¬ 
sively in Korea for the production of woody biomass (Gwak 
et al., 2009). 

2. Methods 

2.1. Materials 

Yellow poplar chips were provided by the Korea Forest Research 
Institute. Wood chip were screened to the size of 3-10 and 
10-30 mm, using sieves (9.5 and 31.5 mesh) and dried to below 
10% moisture content for safe outside storage. 
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2.2. Torrefaction 

The wood chips were dried at 105 °C for 24 h before torrefaction 
in order to remove the remaining water in the biomass. The dried 
wood chips of 500 g were placed in a batch reactor (designed by 
Drying engineering, Korea) equipped with a temperature controller. 
The wood chips were torrefied at 240, 260, and 280 °C at 30 min 
reaction time with stirring (30 rpm). Torrefaction was performed 
under anoxic conditions by providing a nitrogen flow of 2 L/min. 
The exhaust gas was passed through a series of condensers to collect 
condensable compounds. The condensed liquid was analyzed by gas 
chromatography and mass spectrometer (GC/MS, Agilent 6890 and 
5973, USA). After torrefaction, the heater was turned off and the 
reactor was left to cool to room temperature. A schematic diagram 
of the torrefaction reactor and reaction profile is shown in Figs. 1 
and 2. 

2.3. Chemical analysis of biomass 

The chemical analysis was carried out using TAPPI test methods. 
Insoluble and soluble lignins (Klason lignin) were determined by 
sulfuric acid treatment. Acid soluble lignin was determined by 
UV-spectrometry at 205 nm. Moisture contents (T 207 om-88), 
holocellulose (TAPPI Useful Method 249, Wise method) and Klason 
lignin (T 222-om-88) after torrefaction were analyzed. 

2.4. Elemental analysis and calorific value of biomass 

The moisture content of torrefied biomass was determined by 
the oven-dry method (Korea Forest Service, 2009). The gross calo¬ 
rific value at constant volume based on dry weight was determined 
with samples weighing from 0.5 to 0.6 g and combustion was per¬ 
formed by calorimeter (6400 Automatic Isoperibol calorimeter, 
Parr Instrument Inc., Moline, Illinois). The ash content was deter¬ 
mined by burning 1 g samples oven-dried for 30 min in a platinum 
crucible in a muffle furnace model at 575 ± 25 °C. The nitrogen 
content of torrefied biomass was measured by direct combustion 


and thermal conductivity detection with an elemental analyzer 
(Thermo EA 1112A, USA). Briefly, the sample was dropped into a 
hot furnace and flushed with pure oxygen for very rapid combus¬ 
tion, and the products of combustion (C0 2 , H 2 0, NO* and N 2 ) were 
passed through the furnace filter and thermoelectric cooler for col¬ 
lection in a ballast apparatus. The collected gases in the ballast 
were mixed, and a small amount was used for further conversion 
of the gases. The remaining gas mixture was reduced and the nitro¬ 
gen content was determined by the thermal conductivity measure¬ 
ments (Korea Forest Service, 2009). 

Inorganic compounds were determined with an ICP-ES (induc¬ 
tively coupled plasma emission spectrometer). Exactly weighed sam¬ 
ples of0.5gwere digested with 10 ml of HN0 2 :HC1:H 2 0 2 (8:1:1 v/v) 
using a microwave apparatus (Multiwave 3000, Anton Parr). After 
digestion, samples were diluted with distilled water to 50 ml and 
filtered with Whatman No. 42 filter paper. The filtrates were analyzed 
using an ICPS-1000IV instrument (Shimadzu, Japan). All experiments 
were performed according to the quality standards for wood pellets 
(Korea Forest Service, 2009) and repeated in triplicate and a mean 
value is reported. 

2.5. Thermo gravimetric analysis (TGA) 

The pyrolysis and torrefaction characteristics of biomass were 
analyzed with a DTA/TGA analyzer (TA Instruments, USA) at a tem¬ 
perate range of 25-700 °C at a heating rate of 10 °C/min. In each test, 
the biomass was tested under nitrogen gas flow of 100 ml/min. Both 
thermogravimetric and differential temperature measurements 
were recorded during combustion. 

2.6. Grinding characteristic 

The torrefied biomass was placed into a four-blade grinder 
(Grinder AL-540, Hibell, Korea). Grinding was performed at 
24,000 rpm for 1 min. The ground biomass was passed through 
three different sieves (100, 200 and 325 mesh), resulting in the 
accumulation of four differently sized particle collections. 


Dimensions 



Fig. 1 . Design of torrefaction reactor used in this study. 
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Fig. 2. Temperature and time profile during torrefaction. 


2.7. Mass and energy yield 

Energy yield per dry raw material indicates the total energy pre¬ 
served in the torrefied biomass. It was calculated by considering 
weight loss during torrefaction. The mass and energy yields are 
defined by Eqs. (1) and (2), respectively (Bridgeman et al., 2008). 

Mass yield (Y mass ) = 100 x (mass of dried biomass after 

torrefaction/mass of dried biomass before 
the treatment) (1) 

Energy yield (Y ene ) = Y mass x (calorific value after 

treatment/calorific value before 
reatment) (2) 

3. Results and discussion 

3.1. Chemical properties of torrefied biomass 

The chemical components and weight loss of biomass during 
torrefaction are shown in Table 1. A significant reduction of holo- 
cellulose was noted with an increase in torrefaction temperature, 
which indicated that most of the hemicelluloses and some of the 
cellulose were thermally degraded during torrefaction (Chen and 
Kuo, 2010). The lignin content of the torrefied biomass, represent¬ 
ing between 25.78% and 34.18% compared to 19.05% of the raw 
material, increased relatively concomitantly with temperature 
due to hemicellulose loss. Ash contents were slightly increased 
as the torrefaction temperature increased. Overall, there were no 
differences in the chemical composition with respect to the initial 
particle sizes of the biomass. 


The weight loss of the biomass increased with increasing reac¬ 
tion temperature, especially, above 260 °C. The weight loss of wood 
below 250 °C is mainly due to thermal degradation of hemicellu¬ 
loses and release of volatile components (Turner et al., 2010), how¬ 
ever, the weight loss at 260-280 °C is attributed to the reactions of 
hemicelluloses and cellulose. Only a small portion of weight loss is 
caused by the reaction of lignin (Chen and Kuo, 2010). 

The condensed liquid from the six torrefactions were analyzed 
by GC/MS and the results are provided in Table 2. Most of the com¬ 
ponents were monoaromatics, such as phenol, 2-methoxylphenol, 
benzene and 2,6-dimethoxyphenol. In addition, 3-furanol and 3- 
furaldehyde which are degradation products of hemicellulose were 
detected in the condensed liquid. The amount of condensed liquid 
increased as the torrefaction condition increased, especially for 
2,6-methoxyphenol. The components of condensed liquid are very 
similar to that reported by Chen et al. (2011). Abundant aromatics 
contained in the condensed liquids from torrefaction can be used 
as chemicals rather than as fuels. 

3.2. Elemental composition and calorific value of torrefied biomass 

The calorific value and elemental analysis of the raw biomass 
and the torrefied biomass are provided in Table 3. Torrefaction of 
yellow poplar resulted in higher calorific value and higher carbon 
content. The hydrogen and oxygen contents of torrefied biomass 
decreased, resulting in decreased H/C and O/C ratios. The calorific 
value of torrefied biomass ranged from 1109 to 1233 kj/kg which 
represent increased of 6-18% compared to the untreated biomass. 
The increase in the calorific value of biomass during torrefaction 
was comparable with that observed with other agricultural resi¬ 
dues and wood chips (Pimchuai et al., 2010; Prins et al., 2006; 
Phanphanich and Mani, 2010). The higher calorific value was 


Table 1 

Chemical composition and weight loss of torrefied biomass. 


Condition 

Holocellulose (%) 

Total lignin 3 (%) 

Moisture content (%) 

Ash (%) 

Weight loss (%) 

Raw material 

79.95 

19.05 

4.77 

0.75 


240 °C, 3-10 mm 

65.22 

25.78 

0.63 

1.09 

4.91 

240 °C, 10-30 mm 

64.32 

24.30 

0.37 

0.95 

6.48 

260 °C, 3-10 mm 

60.79 

32.73 

0.98 

1.27 

17.12 

260 °C, 10-30 mm 

61.02 

32.75 

0.65 

1.03 

19.03 

280 °C, 3-10 mm 

57.97 

43.18 

0.32 

1.42 

30.53 

280 °C, 10-30 mm 

57.87 

43.07 

0.38 

1.23 

32.45 


a Total lignin include soluble and insoluble lignin content. 
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Table 2 

Main components in condensed liquid from torrefaction. 


Condition 

Area (%) 

Spectrum structure 

240 °C, 3-10 mm 

100 a 

Phenol, 2,6-dimethoxy- 


53.65 

Pentanoic acid, 3-methyl- 


27.3 

Benzene, 1,2,3-trimethoxy-5-methyl- 


25.45 

3-Furanol, tetrahydro- 


24.38 

Phenol, 2-methoxy-4-(l-propenyl)-, (E)- 

240 °C, 10-30 mm 

100 

Phenol, 2,6-dimethoxy- 


51.38 

Silanamine, N-phenyl- 


33.83 

Pentane, 3-ethyl-2,2-dimethyl- 


21.53 

Phenol, 2-methoxy- 


19.06 

Benzene, 1,2,3-trimethoxy-5-methyl- 

260 °C, 3-10 mm 

100 

Phenol, 2,6-dimethoxy- 


86.73 

3-Furaldehyde 


59.79 

Phenol, 2,6-dimethoxy-4-(2-propenyl)- 


49.72 

3-Furanol, tetrahydro- 


46.8 

Phenol, 2-methoxy-4-(l-propenyl)-, (E)- 

260 °C, 10-30 mm 

100 

Phenol, 2,6-dimethoxy- 


50.53 

Phenol, 2,6-dimethoxy-4-(2-propenyl)- 


40.47 

Benzene, 1,2,3-trimethoxy-5-methyl- 


38.4 

3-Furanol, tetrahydro- 


36.14 

Phenol, 2-methoxy-4-(l-propenyl)-, (E)- 

280 °C, 3-10 mm 

100 

Silanamine, N-phenyl- 


56.24 

Phenol, 2,6-dimethoxy- 


18.94 

Benzene, 1,2,3-trimethoxy-5-methyl- 


17.26 

Pentane, 3-ethyl-2,2-dimethyl- 


12.95 

1,2,3-Trimethoxybenzene 

280 °C, 10-30 mm 

100 

Phenol, 2,6-dimethoxy- 


53.87 

Phenol, 2,6-dimethoxy-4-(2-propenyl)- 


44.49 

Benzene, 1,2,3-trimethoxy-5-methyl- 


41.77 

Phenol, 2-methoxy-4-(l-propenyl)-, (E)- 


30.74 

1,2,3-Trimethoxybenzene 


a Hundred percentage of mean is the highest components in condensed liquid 
and other components were relatively calculated to the highest components. 


primarily due to higher contents of lignin in torrefied biomass 
(Table 1). In the lignin structure, more than two thirds of the phe- 
nylpropane units are linked by ether bonds and the remaining by 
carbon—carbon bonds (Mansouri and Salvado, 2006; Shafizadeh 
et al., 1976). In terms of the calorific value, energy contained in car¬ 
bon-carbon bonds is higher than in C—0 or C—H bonds. The rela¬ 
tive increase in C content might be due to improved combustion 
characteristics resulting in a higher calorific value, as a reduction 
of O/C and H/C rations reduces the thermodynamic losses of smoke 
and water vapor (Prins et al., 2006). 


Inorganic compounds in torrefied biomass are shown in Table 4. 
Inorganic compounds act as a heat sink in the same way as mois¬ 
ture, lowering combustion efficiency and inducing the formation of 
char (Bridgeman et al., 2008). Therefore, inorganic contents are an 
important parameter directly affecting the calorific value. The con¬ 
tents of inorganic compounds in torrefied biomass changed slightly 
compared to those in untreated biomass, except for Fe and Zn 
which were probably released from the surface of the stainless 
steel container during torrefaction. Overall, the content of inor¬ 
ganic compounds was relatively low compared to those of other 
types of biomass (Kalac et al., 2004). 

The mass and energy yields for yellow poplar under different 
conditions are shown in Fig. 3. For torrefied biomass, the energy 
yield was greater than the mass yield. Energy yield data represents 
the ratio of actual energy retained after the torrefaction process to 
the initial energy content of biomass. The mass yield and energy 
yield of torrefied biomass decreased with an increase in the torrefac¬ 
tion temperature. The mass loss was primarily due to thermal 
decomposition of hemicelluloses and some short-chain lignin com¬ 
pounds. The energy yields ranged from 68.5% to 94% depending on 
the torrefaction temperature. The difference between mass yield 
and energy yield indicates the energy density of torrefied biomass. 
The significant difference between these implied high energy den¬ 
sity due to high energy yield in the low mass yield of torrefied bio¬ 
mass. At mild torrefaction conditions, there was a comparatively 
small difference while the difference in mass and energy yield in¬ 
creased with increasing severity. However, the trend of energy den¬ 
sity differs based on the type of biomass. Medic et al. (2011) reported 
that corn stover torrefied at lower temperatures had the highest en¬ 
ergy density since mass yield significantly decreased at high torre¬ 
faction temperature. In the case of yellow poplar, the greatest 
difference between energy yield and mass yield occurred in biomass 
torrefied at 280 °C for 30 min. Therefore, optimal condition of torre¬ 
faction for pellet production with high energy density was expected 
when torrefaction was performed at 280 °C for 30 min. 

3.3. Thermo gravimetric analysis (TGA) 

Thermogravimetric data for torrefied biomass, except for the bio¬ 
mass screened with a 3-10 mm, are shown in Fig. 4. At a high torre¬ 
faction temperature, the thermal decomposition behavior showed 
an obvious difference between raw material and torrefied biomass. 


Table 3 

Elemental compositions and calorific values of torrefied biomass. 


Torrefaction temperature, particle size 

Nitrogen (%) 

Carbon (%) 

Hydrogen (%) 

Oxygen (%) 

Calorific value (kj/kg) 

Raw material 

0.19 

45.90 

6.09 

30.55 

1048 

240 °C, 3-10 mm 

0.13 

49.47 

5.93 

31.38 

1109 

240 °C, 10-30 mm 

0.13 

50.11 

5.97 

29.89 

1120 

260 °C, 3-10 mm 

0.14 

51.60 

5.83 

28.73 

1151 

260 °C, 10-30 mm 

0.15 

52.42 

5.81 

29.22 

1186 

280 °C, 3-10 mm 

0.14 

54.03 

5.65 

28.06 

1225 

280 °C, 10-30 mm 

0.15 

54.42 

5.65 

27.21 

1233 


Table 4 

Inorganic compounds in torrefied biomass under different torrefaction condition (Unit: ppm). 


Al 

Ca 

Cr 

Cu 

Fe 

K 

Mg 

Mn 

Na 

Ni 

P 

Pb 

S 

Si 

Zn 

Raw material 

54 

1600 

3.96 

13.4 

83.4 

443 

222 

14.5 

40 

0.36 

100 

6.69 

0.01 

175 

22.7 

240 °C, 3-10 mm 

58 

1310 

2.26 

8.78 

2690 

403 

196 

33 

41.5 

0.38 

70 

7.15 

0.01 

105 

93.2 

240 °C, 10-30 mm 

46 

1330 

1.96 

12.6 

2130 

411 

197 

29.8 

47.1 

0.4 

69 

7.75 

0.01 

73.3 

86.6 

260 °C, 3-10 mm 

48 

1360 

2.58 

13.2 

4170 

418 

205 

46.9 

43.4 

0.68 

81 

8.9 

0.01 

97.8 

97.7 

260 °C, 10-30 mm 

49 

1320 

2.1 

6.72 

2140 

419 

203 

31.1 

43.4 

0.35 

73 

6.86 

0.01 

70.2 

117 

280 °C, 3-10 mm 

50.9 

1300 

2.75 

12.1 

4750 

474 

217 

48.8 

50.4 

0.54 

81 

18.8 

0.01 

67 

124 

280 °C, 10-30 mm 

61 

1600 

1.79 

8.62 

2320 

500 

243 

36.8 

47.4 

0.41 

91 

5.54 

0.01 

89.2 

87.9 
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Fig. 3. Mass and energy yield for torrefied biomass on different torrefaction 
conditions. 



The oxidation of hemicelluloses, cellulose and lignin can be identi¬ 
fied clearly when the derivative thermogravimetric (DTG) curve of 
the raw material is compared with that for torrefied biomass. The 
peak corresponding to hemicelluloses disappeared with an increase 
in torrefaction temperature. However, peaks representing cellulose 


and lignin only increased significantly at a high torrefaction temper¬ 
ature. This trend has been previously reported for torrefaction with 
lignocellulosic biomass (Chen et al., 2011; Bridgeman et al., 2008). 
The energy in torrefied wood mainly originates from the remaining 
hemicelluloses, cellulose and lignin if the wood is torrefied at a low 
temperature and by cellulose and lignin in biomass torrefied at high 
temperature. 


3.4. Particle size distribution of torrefied biomass by grinding 

The distribution of particle weight percentage in the four size 
ranges after torrefaction is shown in Fig. 5. Biomass torrefied at high 
temperature produced smaller particles than that torrefied at lower 
temperatures. At 240 °C, the weight percentage had a decreasing 
trend with decreasing particle size, regardless of initial biomass 
particle size. The torrefaction temperature played an important role 
in determining the size distribution; especially since the smaller 
initial particle size provided comparatively uniform particle size 
after torrefaction (Fig 5A). Similar trends have also been observed 
by others (Himmel et al., 1985; Phanphanich and Mani, 2010; Chen 
et al., 2011 ). Overall, torrefied biomass produced relatively uniform 
particle size ranges compared to untreated biomass. This behavior 



Fig. 4. Thermogravimetric analysis of raw material and torrefied biomass (10-30 mesh) depending on the torrefaction conditions (A: TGA, B: DTG, black line: raw material, 
pink line: torrefied biomass at 280 °C for 30 min, blue line: torrefied biomass at 260 °C for 30 min, sky blue line: torrefied biomass at 240 °C for 30 min). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Profiles of particle size distribution from torrefied biomass at different torrefaction conditions (A: initial particle size of 3-10 mm, B: initial particle size of 10-30 mm). 
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was directly supported by the lower grinding energy consumption 
of torrefied biomass. 

4. Conclusion 

Torrefaction of yellow poplar improved the chemical and phys¬ 
ical fuel properties of the biomass. Torrefaction process increases 
the energy density of biomass close to coal in addition to improve 
the storability and grindability of biomass. At high temperature, 
torrefied biomass has uniform particle size ranges and high con¬ 
tents of carbon with relatively low weight loss. Therefore, high 
temperature for yellow poplar is appropriate for torrefaction of 
biomass in producing high energy density fuels when the weight 
loss of biomass by torrefaction is considered. The result is directed 
towards better understanding on the structural and functional 
modification of torrefied yellow poplar. 
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